Type IIP supernova progenitors are often surrounded by dense circumstellar media that may result from mass-loss enhancement of the progenitors shortly before their explosions. Previous light-curve studies suggest that the mass-loss rates are enhanced up to ∼ 0.1 M ⊙ yr −1 , assuming a constant wind velocity. However, density of circumstellar media at the immediate stellar vicinity can be much higher than previously inferred for a given mass-loss rate if wind acceleration is taken into account. We show that the wind acceleration has a huge impact when we estimate mass-loss rates from early light curves of Type IIP supernovae by taking SN 2013fs as an example. We perform numerical calculations of the interaction between supernova ejecta and circumstellar media with a constant mass-loss rate but with a β-law wind velocity profile. We find that the mass-loss rate of the progenitor of SN 2013fs shortly before the explosion, which was inferred to be ∼ 0.1 M ⊙ yr −1 with a constant wind velocity of 10 km s −1 by a previous light-curve modeling, can be as low as ∼ 10 −3 M ⊙ yr −1 with the same terminal wind velocity of 10 km s −1 but with a wind velocity profile with β ≃ 5. In both cases, the mass of the circumstellar medium is similar (≃ 0.5 M ⊙ ). Therefore, the beginning of the progenitor's mass-loss enhancement in our interpretation is ∼ 100 years before the explosion, not several years. Our result indicates that the immediate dense environment of Type II supernova progenitors may be significantly influenced by wind acceleration.
INTRODUCTION
Type IIP supernovae (SNe) are the most common type of core-collapse SNe (e.g., Li et al. 2011 ) and they are known to be explosions of red supergiants (RSGs, Smartt 2015 for a review). Recent large-field and high-cadence transient surveys are starting to catch SNe IIP within a day after their explosions (e.g., Yaron et al. 2017; Garnavich et al. 2016; Quimby et al. 2007 ). These early photometric and spectroscopic properties of SNe IIP often do not agree with those ⋆ E-mail: takashi.moriya@nao.ac.jp (TJM) predicted theoretically. For example, rise times of SNe IIP are often faster than predicted (e.g., González-Gaitán et al. 2015; Gall et al. 2015; Rubin et al. 2016 ) and early SN IIP spectra also often show narrow lines (e.g., Khazov et al. 2016; Smith et al. 2015) as observed in SNe IIn (Schlegel 1990) . One way to resolve this discrepancy is to assume that there are dense circumstellar media (CSM) surrounding RSG SN progenitors (e.g., Moriya et al. 2011; Nagy & Vinkó 2016; Morozova et al. 2016) .
Recently, SN 2013fs provided a clear case of a RSG SN progenitor surrounded by dense CSM at the immediate vicinity of the progenitor (Yaron et al. 2017) . SN 2013fs was caught within a few hours after the explosion and its first spectrum was taken in about 6 hours after the explosion. It had a flash spectroscopic feature with narrow lines indicating the existence of dense CSM (e.g., Gal-Yam et al. 2014; Groh 2014; Gräfener & Vink 2016) . However, the narrow lines disappeared in several days and the spectra changed to those of normal SNe IIP. Light-curve (LC) modeling by Morozova et al. (2016) also suggested that a dense CSM located at the immediate vicinity of the progenitor is required to explain the early LC properties of SN 2013fs.
The high CSM density in the immediate vicinity of the SN progenitors has been suggested to be caused by an increase of the progenitors' mass-loss rates several years before their explosions. 1 In the canonical stellar evolution theory, no significant increase in the mass-loss rates in several years before the SN explosions is expected (Langer 2012) and several mechanisms to explain the possible mass-loss enhancement has been suggested (e.g., Quataert & Shiode 2012; Moriya 2014; Heger et al. 1997; Yoon & Cantiello 2010; Moriya & Langer 2015) . A precise estimate of the mass-loss rate shortly before the explosion is essential in understanding the unknown mechanisms of the pre-SN mass loss. In this Letter, we show that the effect of wind acceleration on the CSM density structure has a great impact on early LCs of SNe IIP. A wind launched at the stellar surface is gradually accelerated to reach the terminal velocity. Therefore, the wind velocity just above the stellar surface is lower than the terminal velocity. This leads to a higher density of the CSM close to the progenitor than in the case where a constant wind velocity is assumed for a given mass-loss rate. Here, we show that SN progenitors' mass-loss rates shortly before their explosions can be significantly overestimated if the effect of wind acceleration is not properly taken into account by taking SN 2013fs as an example.
PROGENITOR SYSTEM

Progenitor model
As our focus in this Letter is on SNe IIP, we adopt a RSG progenitor model obtained with the public stellar evolution code MESA (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 . The progenitor has a zero-age main-sequence mass of 12 M ⊙ with the solar metallicity. The Ledoux criterion for convection is used with a mixing-length parameter of 2.0 and a semi-convection parameter of 0.01. Overshooting is applied on top of the hydrogen burning convective core with a step function. The adopted overshoot parameter is 0.3 H P , where H P is the pressure scale height at the outer boundary of the convective core. The standard 'Dutch' wind scheme is used for both hot and cold winds, with a scaling factor of 1.0. The model has been evolved to the stage of oxygen burning in the core, from which the hydrogen enveolpe structure hardly changes until the core collapse.
The RSG progenitor has 10.3 M ⊙ with the hydrogenrich envelope of 6.1 M ⊙ . Its radius is R ⋆ = 607 R ⊙ and the effective temperature is 3500 K. The final mass-loss rate of Morozova et al. (2016) . the progenitor according to the 'Dutch' wind prescription is 1.4 × 10 −6 M ⊙ yr −1 . However, as explained below, we assume that the wind mass-loss rate is enhanced shortly before the SN explosion such that a dense CSM is formed while the progenitor structure is not significantly affected.
CSM
CSM density (ρ CSM ) is determined by the progenitor's massloss rate ( M) and wind velocity (v wind ) as
In this work, we adopt a β-law velocity profile as
where v 0 is the initial wind velocity at the stellar surface, v ∞ is the final wind velocity, and R 0 is where the wind is launched. We find that β ≃ 5 provides the best fit to the SN 2013fs LC and we focus on this β in this Letter. Observations (e.g., Bennett 2010; Marshall et al. 2004) indicate that RSG winds have larger values of β, i.e., slower wind acceleration, than OB supergiants that have β ≃ 0.5 − 1 (e.g., Groenewegen & Lamers 1989; Haser et al. 1995; Puls et al. 1996) . For example, the β-law velocity profile with β ≃ 3.5 is found to match a RSG ζ Aurigae (Baade et al. 1996) .
We also set R 0 = R ⋆ in this work assuming that the wind is launched at the stellar surface. R 0 can vary depending on the wind acceleration mechanisms (e.g., Bennett 2010; Lamers & Cassinelli 1999) . For example, R 0 can be 2−3 R ⋆ in the dust-driven winds. We found that models with R 0 = R ⋆ match SN 2013fs and we focus on this case in this Letter. We investigate the effects of different β and R 0 in our future work. We present LCs for two different mass-loss rates: 10 −3 and 10 −4 M ⊙ yr −1 (Table 1 and Fig. 1) . We set the terminal wind velocity v ∞ = 10 km s −1 . The initial velocity v 0 is chosen so that the density structure at the stellar surface is smoothly connected. We cut our dense CSM at an arbitrary radius of 10 15 cm. Fig. 1 shows the density structure of our models. We also present the density structure that gives the best fit to the early LCs of SN 2013fs assuming a constant M and v wind (Morozova et al. 2016) . Our CSM have similar density to those found by Morozova et al. (2016) near the progenitor, but our mass-loss rates are only 10 −3 − 10 −4 M ⊙ yr −1 while 0.15 M ⊙ yr −1 is required when the constant wind velocity of 10 km s −1 is assumed. The CSM mass in our 10 −3 M ⊙ yr −1 model is 0.5 M ⊙ while that in the model of Morozova et al. (2016) is 0.4 M ⊙ .
LIGHT CURVES
Methods
We use a one-dimensional multi-group radiation hydrodynamics code STELLA to investigate LCs numerically (e.g., Blinnikov et al. 1998 Blinnikov et al. , 2000 Blinnikov et al. , 2006 Chugai et al. 2002) . Starting from the progenitor models presented in the previous section, we initiate explosions by putting thermal energy just below the mass cut that we set at 1.4 M ⊙ . We put 0.1 M ⊙ of 56 Ni at the center, but it does not affect the early LCs we present here.
STELLA evaluates spectral energy distributions (SEDs) at each time step. We obtain multicolor LCs by convolving filter transmission functions to the SEDs. Here, we adopt the U band filter of Swift/UVOT (Poole et al. 2008 ) and the g, r, and i filters of the Sloan Digital Sky Survey (SDSS, Doi et al. 2010) . To compare with SN 2013fs, we apply a redshift correction with z = 0.0119 and a Galactic extinction of E(B − V) = 0.0346 assuming the extinction curve of Cardelli et al. (1989) with R V = 3.1 to our theoretical SEDs.
The multicolor LCs of SN 2013fs, with which we compare our models, are presented by Valenti et al. (2016) and Yaron et al. (2017) . We acquire machine-readable data through the Open Supernova Catalog (Guillochon et al. 2017) . We take the U, g, R, and i-band data for comparison to cover a wide spectral range. Although we use the SDSS r-band filter to obtain multicolor LCs from our theoretical SEDs and compare them with the R-band observations, the differences between the observed R-band and the r-band magnitudes are negligibly small (Yaron et al. 2017 ). Fig. 2 shows LCs obtained from our CSM configuration. We adopt the explosion energy of 10 51 erg to match the luminosity during the later plateau phase. The dashed lines in the figure are LC models without CSM. The existence of the dense CSM can explain the early LCs of SN 2013fs as presented by Morozova et al. (2016) .
SN 2013fs
We find that our LC model with the CSM having M = 10 −3 M ⊙ yr −1 provides a LC that matches SN 2013fs reasonably well. The LC model with M = 10 −4 M ⊙ yr −1 also shows a fast rise but it does not become as bright as SN 2013fs. Although the U and g-band LCs of SN 2013fs are well reproduced by the M = 10 −3 M ⊙ yr −1 model, it is slightly fainter than SN 2013fs in the r and i bands by ∼ 0.4 mag. The r and i-band brightness can be matched to SN 2013fs by increasing the explosion energy to 1.3×10 51 erg, but then the U and g-band magnitudes becomes brighter by ∼ 0.4 mag. This slight difference may be caused by, e.g., incompleteness of opacity information we adopt or higher metallicity of the progenitor of SN 2013fs. LCs from a constant mass-loss rate of 10 −3 M ⊙ yr −1 and a constant wind velocity of 10 km s −1 without the wind acceleration do not become bright enough to explain the early LCs (Fig. 4) .
A fundamental difference between the model of Morozova et al. (2016) and ours is in the mass-loss rates. Morozova et al. (2016) find that an extremely high massloss rate ( 0.1 M ⊙ yr −1 ) is required to explain the early LC of SN 2013fs by assuming a constant wind velocity of 10 km s −1 . However, we find that a CSM from 10 −3 M ⊙ yr −1 with the terminal velocity of 10 km s −1 can provide a reasonable fit to the early LC if we take the velocity change due to the wind acceleration into account. Although the massloss rate and wind velocity are different in the two models, the final CSM mass is comparable in them (0.5 M ⊙ in our 10 −3 M ⊙ yr −1 model and 0.4 M ⊙ in Morozova et al. 2016) . Therefore, the CSM mass is likely better constrained by the early LCs. Yaron et al. (2017) estimate the CSM density at the immediate vicinity of the progenitor of SN 2013fs by modeling their flash spectra. We show their constraint on the CSM density with a square in Fig. 1 . Our model with 10 −4 M ⊙ yr −1 is consistent with their estimates but it does not result in a LC that is bright enough to explain the early LC. Our best LC model with 10 −3 M ⊙ yr −1 has higher density by a factor of 10 and the model obtained by Morozova et al. (2016) has even higher density. Yaron et al. (2017) may have underestimated M by several factors because of the neglect of lighttravel-time effects in their study (Gräfener & Vink 2016) . Together with the altered density structure, this may bring our results in better agreement with their density estimates. Yaron et al. (2017) interpret that the high CSM density needed to explain the early SN properties of SN 2013fs is caused by the increase of the progenitor's mass-loss rate shortly before the explosion. The early phase LC modeling of Morozova et al. (2016) indicated that the progenitor's massloss rate may have been as high as 0.15 M ⊙ yr −1 assuming a constant wind velocity of 10 km s −1 . However, we have shown that only ∼ 10 −3 M ⊙ yr −1 is sufficient to explain the early LC if we consider wind acceleration. The inferred mass-loss rate of ∼ 10 −3 M ⊙ yr −1 is still very high compared to those of observed RSGs (e.g., Mauron & Josselin 2011; Goldman et al. 2017). This high mass-loss rate of ∼ 10 −3 M ⊙ yr −1 could not have been maintained for more than ∼ 10 3 years before the SN explosion, as otherwise most of the hydrogen envelope would have been stripped off. The plateau duration of SN 2013fs (≃ 80 days) implies that its progenitor had a massive hydrogen-rich envelope. In addition, it takes 500 years to reach 10 14 cm and then only 50 years to reach 10 15 cm in our wind acceleration model with 10 −3 M ⊙ yr −1 . Yaron et al. (2017) found that the dense CSM only extends up to ≃ 10 15 cm in SN 2013fs. Therefore, the mass-loss enhancement should not last more than about 550 years in order not to have too extended dense CSM. On the contrary, if the mass-loss enhancement lasts less than ∼ 100 years, the dense CSM does not extend enough to affect the early SN properties. Therefore, the progenitor must have undergone an abrupt increase of mass loss starting at around 500 years before the explosion in our model.
DISCUSSION AND CONCLUSIONS
As the estimated CSM mass in SN 2013fs is similar (≃ 0.5 M ⊙ ) in the constant wind velocity model and the wind acceleration model, the difference in the estimated mass-loss rates makes a significant difference in the estimates for the period of the mass-loss enhancement before the explosion. In our model with ∼ 10 −3 M ⊙ yr −1 , the mass-loss enhancement is estimated to occur in the final 500 years to the explosion. If we assume ∼ 0.1 M ⊙ yr −1 , the mass-loss enhancement should only occur in the final several years to the explosion. These estimates are important in constraining possible mass-loss mechanisms like wave-driven mass loss (e.g., Shiode & Quataert 2014) .
It is possible that the dense CSM formed by the massloss enhancement affects not only the early SN properties but also observational properties of underlying RSG SN progenitors. The effects on the observational properties of the progenitors strongly depend on the opacity in the dense CSM. If the CSM has a temperature similar to the RSG photosphere, the opacity is expected to be ∼ 10 −3 cm 2 g −1 at most (Ferguson et al. 2005 ) and it does not affect the RSG properties significantly. However, the unknown mechanisms of the mass-loss enhancement can strongly affect the opacity in the CSM. For example, if the opacity in the dense CSM with 10 −3 M ⊙ yr −1 becomes 0.01 cm 2 g −1 , the photosphere locates at 4 R ⋆ and the effective temperature is altered to about 1800 K. Moreover, if the mass-loss enhancement leads to a formation of a large amount of dusts, the progenitor would be enshrouded by dusts and significantly reddened. Then, if the mass-loss enhancement starts ∼ 100 years before the explosion in some RSG SN progenitors as we suggest, some of detected RSG SN progenitors so far may have been significantly affected by absorption in the CSM and their progenitor masses may have been estimated lower than they are, for example (e.g., Walmswell & Eldridge 2012; Beasor & Davies 2016) .
The observational data of early LCs of SNe IIP have dramatically increased during the last several years. They give evidence that not a small fraction of SNe IIP progenitors may be surrounded by immediate dense CSM (e.g., González-Gaitán et al. 2015) , like in the case of SN 2013fs. The present study indicates that the effect of wind acceleration should not be ignored in the analysis of early SN IIP LCs. Addressing this issue with more details including spectral properties is required to better understand the mass-loss history of their progenitors. We also note that the wind acceleration itself is not known well. For example, the shape of the early SN LCs may be affected by the CSM structure and early SN observations may also be useful to constrain wind acceleration such as β.
